Methicillin-resistant Staphylococcus aureus (MRSA) strains are characterized by a heterogeneous expression of resistance. We have previously shown in clinical oxacillin-susceptible, mecA-positive MRSA strains that selection from a very heterogeneous (HeR) to highly homogeneous (HoR) resistant phenotype was mediated by acquisition of mutations through an oxacillin-induced SOS response. In the present study, we used a spotted DNA microarray to evaluate differential gene expression during HeR-HoR selection and found increased expression of the agr two-component regulatory system. We hypothesized that increased expression of agr represents a mechanistically relevant component of this process. We demonstrated that inactivation of agr during the HeR-HoR selection process results in a significant increase in mutation rate; these effects were reversed by complementing the agr mutant. Furthermore, we found that extemporal ectopic expression of agr and, more specifically, RNAII in agr-null mutant HeR cells suppressed mutation frequency and the capacity of these cells to undergo the HeR-HoR selection. These findings sustain the concept that increased expression of agr during HeR-HoR selection plays a critical role in regulating the ␤-lactam-induced increased mutation rate in very heterogeneous MRSA strains. Moreover, they indicate that a temporally controlled increase in agr expression is required to tightly modulate SOS-mediated mutation rates, which then allows for full expression of oxacillin homogeneous resistance in very heterogeneous clinical MRSA strains.
Methicillin-resistant Staphylococcus aureus (MRSA) is one of the most important nosocomial pathogens, responsible for a wide range of severe infections such as endocarditis, osteomyelitis, and sepsis. MRSA is an increasing threat both in clinical settings and, more recently, in community populations (16) . In S. aureus, methicillin resistance is due to the acquisition of a large DNA element, termed staphylococcal cassette chromosome mec (SCCmec), which integrates site and orientation specifically into the S. aureus chromosome (19, 21) . The prerequisite for methicillin resistance located on SCCmec is mecA, which encodes a ␤-lactam-insensitive penicillin binding protein (PBP), PBP2a, that can continue to cross-link the cell wall once the native PBPs (i.e., PBP1 to Ϫ4) have been inactivated (22) . One of the main characteristics of MRSA is its heterogeneous expression of resistance. In some isolates with methicillin or oxacillin (Oxa) resistance, only a small portion (Յ0.1%) of the population expresses resistance to Ն10 g of oxacillin per ml (heterotypic resistance [HeR] ), while in other isolates, most of the population expresses resistance to a high level (homotypic resistance [HoR] ) (11, 49) . Besides antimicrobial resistance, S. aureus also has the potential to cause serious and diverse forms of infections.
The accessory gene regulator (agr) is a typical Gram-positive quorum-sensing system (37) that coordinates the expression of many gene products that are required for staphylococcal virulence and infection and other accessory gene functions (17) . It suppresses expression of surface proteins and upregulates expression of several exoproteins (34) . The Agr system consists of RNAII and RNAIII, two divergent transcripts which are transcribed from P2 and P3 promoters, respectively (38) . RNAII encodes the structural components of the quorumsensing system, including AgrBDCA (42) . AgrC is a transmembrane protein functioning as a histidine kinase, which is the sensory component of the two-component regulatory system (27) . AgrD encodes an autoinduction signal that is processed and transported by AgrB (52) ; when a threshold concentration of the autoinducing peptide (AIP) is detected in the environment, AgrC undergoes autophosphorylation (18) . Phosphorylated AgrC transduces the information to the response regulator AgrA, which, once activated, transcriptionally activates P2 and P3 promoters, increasing RNAII and RNAIII levels (35) . Although RNAIII encodes delta-toxin, it is the RNAIII molecule itself that is the regulatory molecule of the Agr system (38, 39) . Moreover, according to current knowledge, modulation of target expression by agr is achieved via RNAIII (38) , which represents a paradigmatic example of virulence factor control via a small regulatory RNA (sRNA) (43) and the central role of sRNAs in quorum sensing (48) . RNAIII generally acts by an antisense base-pairing mechanism (2) and regulates many target genes via control of a repressor protein called rot, a member of the sarA family of transcriptional regulators (2, 31, 44) . RNAII-dependent mechanisms have also been described, notably in the case of phenol-soluble modulins (PSMs). These proteins play a key role in S. aureus immune evasion and are regulated by direct binding of the AgrA response regulator to the psm promoter region (41) . We have demonstrated in previous studies that, in very heterogeneous MRSA clinical strains (mecA positive, oxacillin susceptible), selection from an HeR to HoR phenotype by subinhibitory concentrations of ␤-lactam antibiotics was associated with a mutational event through the triggering of a ␤-lactam-mediated SOS response that involved lexA and recA genes (9) . In an effort to expand our previous work, we demonstrat in the present study that this process is also associated with increased transcription levels of agr and agr-regulated genes. Furthermore, our results indicate that the agr two-component regulator plays an important role in modulating the mutation rate generated through an oxacillin-mediated SOS response. The present findings provide new insights into the impact and role of agr in the clinically relevant oxacillin-resistant phenotype in heterogeneous MRSA strains.
MATERIALS AND METHODS

Materials and media.
Mueller-Hinton agar (MHA; BBL Microbiology Systems, Cockeysville, MD) and tryptic soy agar with 5% sheep blood (TSA II; BD Diagnostics System, Franklin Lakes, NJ), tryptic soy agar (TSA; Difco Laboratoires, Detroit, MI) with and without additives (Sigma, St. Louis, MO; United States Biochemicals, Cleveland, OH), and Luria-Bertani (LB) broth (USB Corporation, Cleveland, OH) were used for subculture and maintenance of S. aureus strains. When selection was necessary, chloramphenicol (Cm; 15 g/ml), tetracycline (5 g/ml), rifampin (100 g/ml), or oxacillin (0.5 g/ml or 128 g/ml) was added to the culture medium (Sigma-Aldrich, St. Louis, MO).
Bacterial strains. S. aureus oxacillin-susceptible mecA-mediated strains were provided by Fred Tenover, Gordon Archer, and Janet Swenson of the Centers for Disease Control and Prevention (CDC) in Atlanta, GA. S. aureus 13011 (9), SA200643, and SA200644 are representative strains of a collection used in this study. S. aureus N315 (a standard reference strain for genome analysis pre-MRSA) was used as a control (24) .
Phenotypic methods to detect methicillin resistance. Disk diffusion susceptibility tests and MICs were performed following the method and guidelines of the Clinical and Laboratory Standards Institute (CLSI; NCCLS M2-A8) (7) .
Selection in broth from the SA13011 HeR-HoR phenotype. Selection of SA13011 from the heterotypic (HeR) to the homotypic (HoR) resistance phenotype was performed as follows. The bacteria were grown overnight in 5 ml LB broth without antibiotic. Cultures were then diluted to an optical density at 600 nm (OD 600 ) of ϳ0.025 in 100 ml LB broth either with or without 0.5 g/ml oxacillin (Sigma) and were grown at 37°C with shaking (180 rpm). The ODs were monitored every hour for 35 h. Growing cells were finally streaked onto an oxacillin gradient plate with a concentration gradient from 0 to 128 g/ml. Selection from heterotypic to homotypic cells was verified by resistance population analysis as described by Chambers et al. (4) , except that methicillin was substituted for oxacillin.
Determination of mutation frequency. Mutation frequencies for resistance to rifampin were determined during the SA13011 HeR (without oxacillin [ϪOxa])-to-HoR (HeR with 0.5 g/ml Oxa [ϩOxa]) selection process. Inoculated flasks were incubated at 37°C with shaking at 145 rpm; aliquots of 100 l were taken at different time intervals, including 3, 6, 9, 27, 30, and 33 h. All of the variants were selected on TSA plates containing 100 g/ml rifampin and TSA plates containing serial dilutions to determine CFU/ml. Mutation frequencies were expressed as the number of antibiotic-resistant mutants recovered as a fraction of the viable count. Three independent cultures were sampled in triplicate to minimize error caused by inter-and intrasample variation.
agr phenotype and genotype studies. ␦-Hemolysin (Hld) is encoded by the hld gene within the RNAIII region (20) . ␦-Hemolysin production was measured by streaking SA13011-HeR and derivatives adjacent to a ␤-hemolysin disk (Remel, Lenexa, KS) on a tryptic soy agar plate with 5% sheep blood, incubating them at 37°C overnight, and evaluating for synergistic hemolysis within the ␤-hemolysin zone produced by the disk containing bacterial growth. The presence of synergistic hemolysis within the ␤-hemolysin zone would indicate the production of ␦-hemolysin by the test organism and therefore functional agr locus, while agr dysfunction was defined as complete absence of ␦-hemolysin, evidenced by the lack of synergistic hemolysis. The S. aureus 13011 agr group was determined by multiplex PCR with primers Pan, agr1, agr2, agr3, and agr4 as described by Gilot et al. (14) . Strain COL was used as a reference strain for agr group I, S. aureus strain N315 was the reference strain for agr group II, RN8462 was the reference strain for agr group III, A980740 was the reference strain for agr group IV, and RN6911 was the reference strain for the agr-null group.
Cloning, transformation, and DNA manipulation. Chromosomal DNA was prepared by using a genomic DNA preparation kit (Qiagen, Chatsworth, CA) according to the manufacturer's directions. All restriction endonuclease digestions and ligations were performed in accordance with the manufacturer's (New England BioLabs, Beverly, MA.) specifications. Sequence analysis was performed by using the automated laser fluorescence technique employing fluorescein-labeled oligonucleotides (Applied Biosystems, Foster City, CA). Consensus sequences were assembled from both orientations with Vector NTI Advance 10 software for Windows (InforMax, Bethesda, MD). S. aureus N315 (accession no. BA000018) was used as a positive control.
Construction of SA13011 agr mutant (null) and complementation. To generate an agr-null mutant, the agr deletion in RN6911 (38) was transduced into the clinical strain SA13011-HeR by phage 80␣-mediated transduction as previously described (36) . The SA13011 agr mutant was named LR3-HeRagr. trans-complementation of agr was performed by using a construct encompassing the complete agr operon. Transacting products that are required for complete agr activity, including an upstream region putative ribosomal binding site and agr promoters (P2 and P3), were amplified by using primers Agr-FL-F and Agr-FL-R ( Table 1 ). The 3.8-kb fragment PCR products were purified with the QIAquick gel extraction kit, ligated into the PCR 2.1-TOPO vector (Invitrogen, Carlsbad, CA), and transformed into chemically competent Escherichia coli TOP10 cells (Invitrogen). A staphylococcal origin of replication was introduced by cloning plasmid pSK265 into the unique BamHI site on PCR 2.1-TOPO, and the construct was moved into S. aureus RN4220 by electroporation (11) . Phage 80␣ was used to transduce the constructs from RN4220 into LR3-HeRagr, generating the complemented strain LR4HeRagr::agr (Table 1) . Identical approaches were used for generation of the agr-null mutant and complemented strains in MRSA heterogeneous strains SA2006044 and SA2006043 (obtained from CDC); these strains have the same phenotype as SA13011. The agr-null mutants were named SA43-HeRagr and SA44-HeRagr, and their respective complemented strains were named SA43-HeRagr::agr and SA44-HeRagr::agr.
Plasmid curing. Strain LR7-HeR (SA13011-HeR expressing pSK265-fulllength agr) was cured of plasmid pSK265 by daily passaging in 10 ml of tryptic soy broth (TSB) lacking antibiotics for 7 days (1). Cultures were then streaked onto blood agar, and individual colonies were replica plated onto TSA plates with or without chloramphenicol (Cm). To confirm the loss of plasmid, PCR amplification of the cat gene was performed for those colonies that did not grow in chloramphenicol. Plasmids containing the cat gene from pSK265 plasmid were included in each PCR experiment as positive controls. The cured strain was named LR8 (LR7-HeR cured).
Inducible expression of RNAII/III in agr-null mutant LR3-HeRagr. RNAII and RNAIII genes were individually cloned under the control of Pspac isopropyl-D-thiogalactopyranoside (IPTG)-inducible vector pCL15 (29); a 176-bp fragment containing the RNAIII gene without the P3 promoter was amplified by using primers RNAIII-w/P3-F and RNAIII-w/P3-R (Table 1) . Similarly, a 2.8-kb fragment was amplified for the RNAII gene without P2 promoter by using primers AgrF-w/P2-F and AgrR-w/P2-R (Table 1) ; in both cases, SA13011genomic DNA was used as a template. PCR products were purified using the QIAquick gel extraction kit, ligated into the PCR 2.1-TOPO vector (Invitrogen, Carlsbad, CA), and transformed into chemically competent E. coli TOP10 cells (Invitrogen). A fragment containing the insert was excised from PCR 2.1-TOPO by HindIII and XbaI sites and subcloned into the same restriction sites of pCL15. Plasmids purified from E. coli were confirmed by sequencing and electroporated into S. aureus RN4220. Transformants were selected on TSA containing chloramphenicol, sequenced, and transduced into agr-null mutant LR3-HeRagr by phage 80␣, resulting in the LR9-HeR and LR10-HeR strains, respectively.
Analysis of gene expression by real-time RT-PCR and microarray transcriptional profiling. RNA extraction was performed by using the RNeasy extraction kit (Qiagen) as previously described (15) . Equal amounts of total RNA were used to determine gene expression by real-time reverse transcriptase PCR (RT-PCR) by using the SYBR green-based SensiMix one-step kit (Quantace/Bioline, Tauton, MA) according to the manufacturer's protocol. Results for the experimental genes were normalized to 16S rRNA levels and were compared according to the threshold cycle (C T ) value; oligonucleotide primers are shown in Table 1 . Microarray transcriptional profiles were carried out by using a spotted DNA microarray (TIGR version 6 S. aureus slides) containing 4,546 oligonucleotides (70-mer) covering the genomes of S. aureus strain COL (2, (15). TIFF images of the hybridized arrays were analyzed using TIGR-Spotfinder software (http://www .tigr.org/software/). The data set was normalized by applying the LOWESS algorithm (block mode; smooth parameter 0.33) and using TIGR-MIDAS (http: //www.tigr.org/software/) software, and significant changes were identified with SAM (significance analysis of microarrays; http://www-stat.stanford.edu/ϳtibs /SAM/index.html) software. Differential expression was defined as a change of more than 2-fold in transcript versus the comparator strain.
RESULTS
Differential gene expression analysis between SA13011-HeR and SA13011-HoR. S. aureus 13011-HeR is a representative
mecA-positive, oxacillin-susceptible strain with MICs of oxacillin and cefoxitin of 2 g/ml and 8 g/ml, respectively (9, 12) . Selection from an HeR to HoR phenotype was obtained by growing the HeR cells in broth containing subinhibitory concentrations of oxacillin (0.5 g/ml), as previously shown (9).
With the purpose of continuing previous studies directed at identifying genes that may be involved in the process of HeRHoR selection in SA13011, differential gene expression analysis was performed by spotted DNA microarray. Pairwise comparisons were made in triplicates between isogenic SA13011-HeR and SA13011-HoR strains (Table 2) . RNAs were extracted from cells grown in LB media and collected at a similar exponential log phase (i.e., OD 600 of ϳ0.6). As we previously reported (9, 15) , the gene encoding PBP2a, mecA (SA0038_N315), was upregulated. Interestingly, among upregulated genes, we found the two-component regulator agrnotably accessory gene regulator A (agrA; SA2026_COL), accessory gene regulator B (agrB; SA1842_N315), and accessory gene regulator C (agrC; SA1843_N315)-transcribed through RNAII. Moreover, several of the genes that were either up-or downregulated corresponded to genes known to be under the regulation of the agr system, including the agr effector molecule Table 2 ). The immunoglobulin G binding protein A precursor gene, spa (SA0107_N315), which was previously shown to be negatively regulated by agr (10), appeared downregulated (Table 2 ). Other upregulated genes included cell-wall-associated genes fmt (SA0909_N315) and femA (SA1206_N315), the cell-wall-anchored surface protein gene clfA, and autolysis genes atl (SAV1052_Mu50) and lytM (SA0265_N315); teichoic acid translocation permease protein gene tagG (SA0594_N315) and teichoic acid biosynthesis protein (SA0596_N315) were downregulated. The studies were then focused on the analysis of agr in the context of ␤-lactam-induced HeR-HoR selection. Strains SA13011, SA2006044, and SA2006043 were determined to belong to agr group 2, identical to S. aureus N315. Furthermore, all of the HoR colonies displayed exactly the same phenotype vis a vis agr (data not shown). A detailed time course analysis of RNAIII was performed by real-time RT-PCR to address the possibility that increased agr expression observed in homotypic cells may constitute a cell-density-mediated effect (37): i.e., accumulation of agr-autoinducing peptide (AIP), rather than a HeR/HoR selection-mediated increase. SA13011-HeR/HoR cells were harvested from colonies (blood agar plates), grown in liquid LB media, and collected at OD 600 s of 0.25, 0.5, 1.0, and 1.7. RNA was extracted as described in Materials and Methods, and equal amounts (20 ng) of total RNA were used to determine RNAIII mRNA expression; the results were then normalized to 16S rRNA levels. As displayed in Table 3 , an increase in gene expression of RNAIII was gradually observed in SA13011-HeR following cell growth density, reaching a maximal value at stationary phase (i.e., OD 600 of 1.7). However, homotypic cells displayed a very significant increase compared to the heterotypic counterparts collected under the same experimental conditions, ruling out the possibility that the increase in agr expression observed in cells growing and selected in the presence of oxacillin may merely reflect an increase in cell density or AIP.
Increased agr expression during HeR-HoR selection regulates oxacillin-induced SOS response-mediated mutation rate. In previous studies, we reported that ␤-lactam-mediated SA13011 HeR-HoR selection was associated with an oxacillininduced SOS response and increased mutation rates; these events were determined by the preexistence of a hypermutable population that favored the HoR selection following exposure 
a The data set was normalized by applying the LOWESS algorithm (block mode; smooth parameter 0.33) and using TIGR MIDAS software (http://www.tigr.org /software/), and significant changes were identified with SAM (significance analysis of microarrays) software. to the antibiotic (9) . To investigate the role that increased expression of agr may play during the HeR-HoR selection process, agr-null mutants were generated by phage-80-mediated transduction from the agr-null mutant RN6911 (38) . Successful transduction resulted in strains LR3-HeRagr and LR3-HoRagr (strains 3 and 4 in Table 1 ); agr expression was verified by PCR (DNA) (data not shown), RT-PCR (Fig. 1A) , and real-time RT-PCR (Fig. 1B) . Analysis of agr mRNA levels in both LR3-HeRagr and LR3-HoRagr strains showed an absence of agr expression in these cells (Fig. 1A and B) , while increased levels of agr were clearly detected in SA13011-HoR compared to the SA13011-HeR counterpart. agr expression was further characterized in these strains by monitoring mRNA levels of the agr regulatory molecule RNAIII during the HeR-HoR selection (Fig. 1C) . Real-time RT-PCR analysis of RNA samples prepared from cells collected at different time intervals showed a progressive increase in the expression of RNAIII in SA13011-HeR (ϩOxa) (HoR) (Fig. 1C , data points B1 to B5). In contrast, no changes were observed in LR3-HeRagr (ϩOxa) (LR3-HoRagr) (Fig. 1C , data points D1 to D5), confirming lack of agr expression during the selection (Fig. 1C) . Functional analyses of agr involvement were performed in SA13011-HeR/HoR and their respective agr-null mutants by using ␦-hemolysin production, a surrogate marker of agr activity (45) . Consistent with data on agr expression analysis, an enhanced zone of hemolysis created by the interaction of ␤-hemolysin (disk) and ␦-hemolysin was discernible with the wild-type strain, strain SA13011-HoR selected with oxacillin (strain 2) (Fig. 1D, arrow) . In contrast, agr-null mutants LR3-HeRagr and LR3-HoRagr (strains 3 and 4, respectively) displayed marked attenuation of the hemolytic properties, clearly demonstrating the absence of agr expression.
To investigate the role that increased expression of agr may play in relation to oxacillin-induced SOS response, both growth and mutation frequencies for resistance to rifampin were determined in relation to agr. The growth pattern determined by measuring the optical density at 600 nm was followed in the absence and presence of oxacillin (0.5 g/ml) at the indicated time intervals (3, 6, 9, 27, 30 , and 33 h) (Fig. 2) . In the absence of oxacillin, similar growth rates were observed between both SA13011-HeR and LR3-HeRagr strains (Fig. 2 , data points A1 and Ϫ2 and C1 and Ϫ2, respectively); however, marked dif-
FIG. 1. Characterization of agr expression by RT-PCR (A) and real-time RT-PCR (B)
. RNA was isolated from SA13011-HeR; its highly resistant derivative, SA13011-HoR; and their agr-null counterparts, LR3-HeRagr and LR3-HoRagr. Cells were harvested at the exponential phase of growth. RT-PCR (A) was performed using S1 and S2 primers encompassing a product of 1.1 kb containing hld, the P2 and P3 promoters, and agrB. RT-PCR products from 16S rRNA were used as loading and RNA quality controls; S. aureus N315 was used as a reference control. ferences appeared when cells were exposed to 0.5 g/ml oxacillin. For example, after 27 h, the growth rate of LR3-HeRagr (ϩOxa) (HoR) cells was slow compared to that of SA13011-HoR cells (OD 600 s of 0.42 and 0.72) (Fig. 2 , data points D3 and B3, respectively). At 30 h, homotypic cells selected from LR3-HeRagr (ϩOxa) reached only an OD 600 of 0.78 (data point D4), while their SA13011-HoR counterparts were at an OD 600 of 1.6 (data point B4). This indicated that absence of agr significantly affected the process of HeR-HoR selection. In parallel, the number of mutants generated by LR3-HeRagr (strain 3) ( Table 1) was followed in absence and presence of oxacillin (0.5 g/ml) at 3-, 6-, 9-, 27-, 30-, and 33-h time intervals (Table 4) . While in SA13011-HeR/HoR, the mutation rate represented an ϳ3-log increase (i.e., from 2.3 ϫ 10 Ϫ8 to 6.4 ϫ 10 Ϫ5 at time point 27 h for strains 1 and 2, respectively) and agr-null mutants LR3-HeRagr and LR3-HoRagr (strains 3 and 4, respectively) displayed values corresponding to an ϳ5-log increase (i.e., 1.2 ϫ 10 Ϫ8 /1.4 ϫ 10 Ϫ3 , respectively, at time point 27 h) ( Table 4 ). These observations were extended to other heterogeneous MRSA strains with phenotypes similar to SA13011. For example, increased mutation frequencies of ϳ3 logs were also observed in MRSA strains SA200643-HeR/HoR and SA200644-HeR/HoR during the process of selection (Ϯ0.5 g/ml Oxa) at the indicated time intervals (3 to 33 h). As was the case with SA13011, the corresponding agr-null mutants SA44-HeRagr and SA44-HoRagr (see Table S1 in the supplemental material) and SA43-HeRagr and SA44-HoRagr (data not shown) displayed an increase of ϳ5 to 6 logs under the same growth conditions.
To further assess agr modulatory effects, the mutant LR3-HeRagr strain was complemented with a cloned full-length agr (LR4-HeRagr::agr; strain 5) ( Table 1 ). Constitutive expression of agr was verified following complementation in RNA samples prepared from cells collected during HeR-HoR selection at the exponential phase of growth: i.e., OD 600 of 0.6 at ranges of 3 to 6 h for cells growing without oxacillin (HeR), and 21 to 24 h for nascent cells growing with 0.5 g/ml oxacillin (HoR). As shown in Fig. 3 , agr trans-complementation (LR4-HeRagr::agr; strain 5) resulted in agr transcription levels similar to those corresponding to wild-type SA13011-HoR (strain 2); as expected, these values were not affected by exposure to oxacillin (LR4-HoRagr::agr; strain 6). No changes in agr expression were observed in empty-vector-complemented strains LR5-HeR (strain 7) and LR6-HoR (strain 8) (Ϯ0.5 g/ml Oxa), respectively. agr complementation restored to a pattern similar to the wild-type SA13011-HoR strain (strain 2) both the growth of the agr mutant strain LR4-HoRagr::agr (strain 6) in the presence of 0.5 g/ml oxacillin (data not shown) and the frequency of mutation during the selection (i.e., 5.2 ϫ 10 Ϫ8 versus 5.4 ϫ 10 Ϫ5 for strains 5 and 6 and 2.3 ϫ 10 Ϫ8 versus 6.4 ϫ 10 Ϫ5 for strains 1 and 2, respectively), an ϳ3-log difference (time point 27 h) ( Table 4) . The agr mutants harboring the empty vector (i.e., LR5-HeR and LR6-HoR; strains 7 and 8, respectively) showed no differences compared to levels corresponding to the agr mutants   FIG. 2 . Time course analysis of S. aureus 13011 selection from heterotypic to homotypic oxacillin resistant compared to the agr-null LR3-HeRagr strain and its derivative, LR3-HeRagr (ϩOxa) (HoR), as determined by optical density at 600 nm. Points C1 and C2 correspond to SA13011-HeR grown in the absence of oxacillin; points B1 to B5 correspond to SA13011-HeR grown in the presence of 0.5 g/ml oxacillin, leading to the selection of the homotypic counterpart derivative SA13011-HoR (points B3 to B5); points A1 and A2 correspond to LR3-HeRagr grown in the absence of oxacillin; and points D1 to D5 correspond to LR3-HeRagr (HoR) grown in the presence of 0.5 g/ml oxacillin. Values represent means Ϯ standard deviations (SD) for three separate experiments. * , significantly lower than the corresponding SA13011-HeR (ϩOxa) values for points D3 to D6 (P Յ 0.01). Table 1 . b Mutation frequencies are expressed as the number of antibiotic-resistant mutants recovered as a fraction of the viable count. Three independent cultures were sampled in triplicate to minimize error caused by inter-and intrasample variation.
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LR3-HeRagr and LR3-HoRagr (strains 3 and 4, respectively) ( Table 4) . No significant changes were observed in mutation rates between strains growing in the absence of oxacillin (strains 1, 3, 5, and 7) (Table 4) . Together, these results indicate that increased expression of agr during the HeR-HoR selection process plays an important functional role in modulating the mutation rate associated with the acquisition of the homotypic phenotype in the present clinical heterogeneous S. aureus strains. Ectopic expression of full-length agr blocks oxacillin-mediated HeR-HoR selection. Additional experiments were performed in order to reach a better understanding and characterization of the agr functional role during oxacillin-mediated HeR-HoR selection. Full-length agr was cloned into the pSK265 vector and expressed in SA13011-HeR (LR7-HeR; strain 9) ( Table 1 ). Constitutive expression of ectopic agr was monitored by real-time RT-PCR, resulting in the following agrD fold changes: SA13011-HeR, 1 (reference value) ( Fig. 3 ; strain 1); SA13011-HeR (ϩOxa) (HoR), 7.3 Ϯ 0.51 ( Fig. 3 ; strain 2); LR7-HeR, 8.5 Ϯ 1.4 ( Fig. 3; strain 9) ; and LR7-HoR, 13.8 Ϯ 1.8 ( Fig. 3; strain 10) . No phenotypic differences were found between SA13011-HeR and LR7-HeR strains grown in the absence of oxacillin (MICs of oxacillin, 2 g/ml), indicating that the sole agr-increased expression was not sufficient to confer the HoR phenotype. LR7-HeR was then tested for its capacity to induce HeR-HoR selection in the presence of subinhibitory concentrations of oxacillin (0.5 g/ml). The growth pattern was determined by measuring the optical density at 600 nm, as shown in Fig. 4A (right panel) . LR7-HeR cells growing with oxacillin did not display the characteristic drop of cell density that preceded the selection of SA13011-HoR cells (Fig.  4A, left graph) . Comparable results were observed with other subinhibitory concentrations of oxacillin, including 0.25 and 0.75 g/ml (data not shown). Importantly, MICs of oxacillin showed that the level of resistance remained unchanged after exposure of LR7-HeR to 0.5 g/ml oxacillin (i.e., MIC, 2 g/ml). Oxacillin resistance levels comparing LR7-HeR (Ϯ0.5 g/ml Oxa) to SA13011-HeR/HoR were confirmed by using 0-to 128-g/ml oxacillin gradient plates with a 0.5 McFarland inoculum (Fig. 4B) . While confluent growth up to 128 g/ml was observed for SA13011-HoR (Fig. 4B, lane 4) , no cells were detected in lanes corresponding to SA13011-HeR (lane 3) and LR7-HeR (Ϯ0.5 g/ml Oxa) (lanes 1 and 2, respectively) . In addition, oxacillin resistance population analysis demonstrated that LR7-HeR cells grown in the presence of oxacillin were inhibited at an oxacillin concentration of 1 g/ml, while 5 ϫ 10 3 SA13011-HeR cells (ϩOxa) (HoR) were still growing at oxacillin concentrations of Ն64 g/ml (Fig. 4C) . Interestingly, agr ectopic overexpression inhibited completely the appearance of rifampin mutants in LR7-HeR (Ϯ0.5 g/ml Oxa) (Table 4). To exclude the possibility that impaired HeR-HoR selection in the LR7-HeR strain containing the pSK265-agr plasmid may be due to a second-site mutation(s), the LR7-HeR strain was cured of the pSK265-agr plasmid by daily passaging in antibiotic (chloramphenicol)-free media (1). Importantly, the LR8-cured strain displayed the same pattern of HeR-HoR selection as parental SA13011 both in terms of agr expression levels ( Fig. 3 ; strains 11 and 12 versus strains 1 and 2, respectively) and in terms of mutation rates (Table 4) , discarding the existence of second-site mutations that may be responsible for the observed phenotypes.
Impact of agr on mutation rate is mediated by RNAII. As mentioned previously, the Agr system consists of two divergent transcripts, RNAII and RNAIII, which are transcribed from the P2 and P3 promoters, respectively (38) . To determine the level of involvement of each of these components in the regulation of mutation rates and the oxacillin resistance phenotype during HeR-HoR selection, RNAII and RNAIII were individually cloned in either the constitutive pSK265 vector or in the IPTG-inducible pCL15 plasmid (with genes under the control of the Pspac promoter) (29) . The agr-null mutant strain LR3-HeRagr was used as the recipient strain. For IPTG-inducible expression, optimal conditions of gene expression were determined by analyzing both RNAII (i.e., agrBDCA) and RNAIII mRNA levels by using increasing concentrations of IPTG ranging from 0.25 mM to 3 mM; a 1 mM IPTG concentration was selected for ulterior use as it did induce expression levels comparable to those determined in SA13011-HoR (data not shown).
Mutation frequencies for resistance to rifampin were determined by using strains LR9 (LR3-HeRagr/pCL15-RNAIII), LR10 (LR3-HeRagr/pCL15-RNAII), LR11 (LR3-HeRagr/ pSK265-RNAIII), and LR12 (LR3-HeRagr/pSK265-RNAII). LR9 and LR10 were grown in the presence of 15 g/ml chloramphenicol (the pCL15 resistance marker) plus 1 mM IPTG Ϯ 0.5 g/ml oxacillin. LR11 and LR12 were analyzed in the presence of 15 g/ml chloramphenicol Ϯ 0.5 g/ml oxacillin (Table 5) . RNA samples were extracted under the same conditions to verify gene expression levels (Fig. 5) . No significant differences in mutation rates were observed between the SA13011-HeR strain (Table 4 ) and the corresponding LR9/10 (ϩCm ϩ 1 mM IPTG) and LR11/12 strains grown in the absence of oxacillin (Table 5) . However, important differences were observed when they were grown in the presence of the ␤-lactam antibiotic. Selection of strains complemented with RNAIII, expressed either inducibly or constitutively [LR9 and LR11 (ϩOxa), respectively], revealed an increased mutation (Table 1 ) grown in the absence (Ϫ) and presence (ϩ) of 0.5 g/ml oxacillin. Values of specific agrD mRNA/16S rRNA are shown in the vertical axis. * , significantly higher than sample 1 (P Ͻ 0.001). Three independent cultures were sampled in triplicate to minimize error caused by inter-and intrasample variation.
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on July 4, 2017 by guest http://aac.asm.org/ rate similar to patterns observed with mutant LR3-HoRagr (Table 4 ) (i.e., MICs of oxacillin of Ն256 g/ml) ( Table 5 ). In contrast, 0.5-g/ml oxacillin selection of strains expressing either inducible or constitutive RNAII [LR10 and LR12
(ϩOxa)] displayed a marked suppression of the mutation rate (Table 5) . Consistent with these observations, LR10 and LR12 plus oxacillin also displayed reduced MICs of oxacillin (MIC, 8 g/ml). Taken together, these results indicate that, in the pres- Table 1 . b Mutation frequencies are expressed as the number of antibiotic-resistant mutants recovered as a fraction of the viable count. Three independent cultures were sampled in triplicate to minimize error caused by inter-and intrasample variation.
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on July 4, 2017 by guest http://aac.asm.org/ ent MRSA heterogeneous clinical strains, the process of oxacillin-mediated HeR-HoR selection-including increased mutation rate and oxacillin-resistant phenotype-are under the regulatory activity of the agr P2-RNAII regulatory component. Importantly, they also indicate that, as mentioned above, the sole agr-increased expression is not sufficient to confer the HoR phenotype. Furthermore, extemporal expression of agr suppressed mutation and reduced the ability of HeR cells to become highly resistant (HoR) to oxacillin. recA expression during oxacillin-mediated HeR-HoR selection: role of agr. The present results demonstrated that SA13011 HeR-HoR selection is associated with the triggering of the SOS response resulting in significantly increased mutation rates, a process regulated by changes in expression of the two-component regulator agr. In order to identify potential links between agr and the SOS response, we analyzed expression of recA, one of the key regulatory proteins involved in this system (28, 32, 40) . Consistent with its role, expression of recA determined by real-time RT-PCR showed a significant increase during oxacillin-mediated SA13011 HeR-HoR selection (Fig. 6) . Importantly, when these samples were compared against agr-null mutant cells (i.e., LR3-HeRagr), a further and significant increase in recA expression was observed, highlighting the existence of a link between SOS response recA and HeR/HoR mutation rate regulator agr.
DISCUSSION
In the present study, we have investigated the role of increased expression of agr during ␤-lactam-induced HeR-HoR selection in heterogeneous MRSA clinical strains. Despite its low level of resistance, a highly homotypic resistant population was selected when these strains were exposed to subinhibitory concentrations of oxacillin. The present findings expand our previous observations showing that HeR-HoR selection in these MRSA clinical strains is associated with an increased mutation rate mediated by an oxacillin-induced SOS response (9) . Transcriptional profile analyses performed between SA13011-HeR/HoR populations revealed that in addition to genes previously identified belonging to the SOS response pathway (9) , there was increased expression of the agr global regulatory system. The interest in investigating the role of agr during the process of selection originated from the observation that an important number of genes that were either up-or downregulated were well-known targets of the two-component agr regulatory system (10) . From a functional point of view, the present results show that inactivation of agr impaired the clinical SA13011 growth rate during HeR-HoR selection. Mechanistically, this phenomenon was associated with a very significant increase in the number of rifampin mutants. Paradoxically, overexpression of agr in SA13011-HeR cells not only abolished the capacity of these cells to undergo HeR-HoR selection in the presence of subinhibitory concentrations of oxacillin, but also their capacity to generate rifampin mutants. These observations strongly support the concept that increased expression of agr requires temporal regulation since an early increase in agr levels conspires against an appropriate mutation rate response. On the other hand, no increase at all results in excessive mutation rates, which also impairs the ability of cells to reach maximal resistance. These observations are in agreement with current models suggesting that an increase in mutation rates represents a highly geneti- Table 1) . Values of specific recA mRNA/16S rRNA are shown in the vertical axis. #, significantly higher than SA13011 (ϪOxa) (reference sample value of 1; P Ͻ 0.001). * , LR3-HeRagr significantly higher than the corresponding strains SA13011 (ϪOxa) (reference sample value of 1; P Ͻ 0.05), LR3-HeRagr and LR3-HeRagr (ϩOxa) (OD of 0.2; P Ͻ 0.001), and LR3-HeRagr (ϩOxa) (ODs of 0.5 and 0.8). ** , LR3-HeRagr significantly higher than corresponding strain SA13011 (ϩOxa) (P Ͻ 0.001). Three independent cultures were sampled in triplicate to minimize error caused by inter-and intrasample variation.
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on July 4, 2017 by guest http://aac.asm.org/ cally regulated process (26, 47) , reinforcing the concept that oxacillin-mediated HeR-HoR selection requires both increased expression of mecA (9) and strictly controlled SOS response-mediated mutation rates. Also of note, the current findings established that agr-modulated, oxacillin-mediated HeR-HoR selection depends on genes carried in the RNAII transcript (i.e., agrA, agrC, agrD, and agrB) rather than RNAIII. Consistent with these observations, recent reports have shown that regulatory roles of agr on mechanisms of virulence in community-associated MRSA (CA-MRSA) strains are mediated by RNAII (41) . Together, these data support the notion that modulation of agr expression during HeR-HoR selection plays a key role as a regulator of mutations that are generated through an oxacillin-induced SOS response.
An association between stress response and regulatory genes has been recently observed in CA-MRSA strains with heterogeneous resistance to nafcillin (46) . Exposure of CA-MRSA to subinhibitory concentrations of levofloxacin or ciprofloxacin was shown to select for increased resistance to nafcillin. Interestingly, in this study, transcriptional expression profiling showed that agrA and agrB genes were overexpressed in fluoroquinolone-exposed mutants, suggesting the potential involvement of the agr regulatory pathway (46) . In addition, the agr system has been linked to genetic changes in vancomycinintermediate S. aureus (VISA) isolates, notably to low-level vancomycin resistance in S. aureus. This emphasizes the importance of the agr locus in the expression of the resistant phenotype (8, 23, 33, 51) . Recent studies involving VISA strains have also shown that the sarA locus, which plays a significant role in the regulation of the agr operon (3, 5) , is required for the expression of both vancomycin intermediate and ciprofloxacin resistance. Also interesting, sarA inactivation was demonstrated to lead to a reduction of resistance levels to both antibiotics (25) . Furthermore, ciprofloxacin has also been shown to induce the SOS response in S. aureus, a process in which a functional sarA response was required for the cell to respond to the agent (6) . However, in all of these studies, the specific role of agr was not addressed and remained a matter of speculation. Additionally, as first shown in our previous study (9) , mRNA expression of key SOS response regulatory gene recA appeared to be increased during HeR-HoR selection. Levels of recA mRNA were significantly higher in the absence of agr, providing evidence of potential links between SOSmediated mutation rates and agr-modulated target genes involved in this pathway. Further studies to address the mechanisms involved in these SOS-agr interactions are ongoing.
In summary, the present results indicate that while selection of homotypic resistant cells by increasing the SOS-mediated mutation rate may represent an adaptative strategy enhancing the chances of surviving ␤-lactam antibiotics, it does require a very strict control from a genetic standpoint, as previously shown in other models (13, 50) . In this context, our findings indicate that a temporally controlled increase in agr expression is required to tightly modulate SOS-mediated mutation rates, which allows for full expression of oxacillin homogeneous resistance in very heterogeneous clinical MRSA strains. These observations contribute to the understanding of the mechanisms associated with the development of resistance to ␤-lactams in S. aureus and demonstrate the critical role that the agr two-component regulatory system-in addition to expression of mecA and the SOS response-may play in this process.
